We review constraints on additional Z ′ bosons predicted in supersymmetric (SUSY) E 6 models from electroweak experiments -Z-pole experiments, m W measurements and the low-energy neutral current (LENC) experiments. Four representative models -χ, ψ, η, ν models -are studied in some detail. We find that the improved data of parity violation in cesium atom, which is 2.2-σ away from the Standard Model (SM) prediction, could be explained by the exchange of the heavy mass eigenstate Z 2 in the intermediate state.
Introduction
The presence of an additional Z ′ boson is predicted in a certain class of grand unified theories (GUT) with a gauge group whose rank is higher than that of the Standard Model (SM). The supersymmetric (SUSY) E 6 models are the promising candidates which predict the additional Z ′ -boson at the weak scale 1 . Because E 6 is a rank-six group, it can have two extra U(1) factors besides the SM gauge group. A superposition of the two extra U(1) groups may survive as the U (1) ′ gauge symmetry at the GUT scale. The U(1)
′ symmetry may break spontaneously at the weak scale through the radiative corrections to the mass term of the SM singlet scalar field 2 .
In general, the additional U(1) ′ gauge boson Z ′ can mix with the hypercharge U(1) Y gauge boson through the kinetic term at above the electroweak scale, and also it can mix with the SM Z boson after the electroweak symmetry is spontaneously broken. Through those mixings, the Z ′ boson can affect the electroweak observables at the Z-pole and the W -boson mass m W . Both the Z-Z ′ mixing and the direct Z ′ contribution can affect neutral current experiments off the Z pole. The presence of 1 an additional Z ′ boson can be explored directly at pp collider experiments. In this review article, we report constraints on Z ′ bosons in the SUSY E 6 models from electroweak experiments based on the formalism in Refs. 3, 4 . Constraints on the Z ′ bosons from electroweak experiments have been studied by several authors 5, 6, 7, 3, 8 . Especially, a special attention has been paid to this subject 10 after the new analysis of parity violation in cesium atom has led to the improved data of the weak charge Q W ( 133 55 Cs) 9 , which is 2.2-σ away from the SM prediction (see Table 2 ). The analysis given in this article updates their studies by allowing for an arbitrary kinetic mixing 11, 12, 13 between the Z ′ boson and the hypercharge B boson. The constraints on the Z ′ bosons can be found by using the results of Z-pole experiments at LEP1 and SLC, and the m W measurements at Tevatron and LEP2. Also the low-energy neutral current (LENC) experiments -lepton-quark, leptonlepton scattering experiments and atomic parity violation (APV) measurementsconstrain the direct exchange of Z ′ boson. It has been found 3,4 that the lower mass limit of the heavier mass eigenstate Z 2 is obtained as a function of the effective Z-Z ′ mixing term ζ, which is a combination of the mass and kinetic mixings. In principle, ζ is calculable, together with the gauge coupling g E , once the particle spectrum of the E 6 model is specified. We show the theoretical prediction for ζ and g E in the SUSY E 6 models by assuming the minimal particle content which satisfies the anomaly free condition and the gauge coupling unification a .
This paper is organized as follows. In the next section, we review the additional Z ′ boson in the SUSY E 6 models and the generic feature of Z-Z ′ mixing in order to fix our notation. We show that the effects of Z-Z ′ mixing and direct Z ′ boson contribution are parametrized by the following three terms: (i) a tree-level contribution to the T parameter 15 , T new , (ii) the effective Z-Z ′ mass mixing angleξ and (iii) a contact term g 2 E /c 2 χ m 2 Z2 which appears in the low-energy processes. In Sec. 3, we collect the data of electroweak experiments which will be used in our analysis. We also present the theoretical framework to calculate the electroweak observables. In Sec. 4, we show constraints on the Z ′ bosons from the electroweak data. The presence of non-zero kinetic mixing between the U(1) Y and U (1) ′ gauge bosons modifies the couplings between the Z ′ boson and the SM fermions. We discuss impacts of the kinetic mixing term on the χ 2 -analysis. The 95% CL lower mass limit of the heavier mass eigenstate Z 2 in four representative models -χ, ψ, η, ν models -is given as a function of the effective Z-Z ′ mixing parameter ζ. The ζ-independent constraints from the low-energy experiments and those from the direct search experiments at Tevatron are also discussed. In Sec. 5, we find the theoretical prediction for ζ in χ, ψ, η, ν models by assuming the minimal particle contents. Stringent Z 2 boson mass bounds are found for most models. Sec. 6 is devoted to summarize this paper.
Since the rank of E 6 is six, it has two U(1) factors besides the SM gauge group which arise from the following decompositions:
An additional Z ′ boson in the electroweak scale can be parametrized as a linear combination of the U(1) ψ gauge boson Z ψ and the U(1) χ gauge boson Z χ as
In this paper, the following Z ′ models are studied in some detail:
In the SUSY-E 6 models, each generation of the SM quarks and leptons is embedded into a 27 representation. In Table 1 , we show all the matter fields contained in a 27 and their classification in SO(10) and SU(5). The U(1) ′ charge assignment on the matter fields for each model is also given in the same table. The normalization of the U(1)
′ charge follows that of the hypercharge. Besides the SM quarks and leptons, there are two SM singlets ν c and S, a pair of weak doublets H u and H d , a pair of color triplets D and D in each generation. The η model arises when E 6 breaks into a rank-5 group directly in a specific compactification of the heterotic string theory 17 . In the ν model, the right-handed neutrinos ν c are gauge singlet 18 and can have large Majorana masses to realize the see-saw mechanism 19 . The U(1) ′ symmetry breaking occurs if the scalar component of the SM singlet field develops the vacuum expectation value (VEV). It can be achieved at near the weak scale via radiative corrections to the mass term of the SM singlet scalar field. Recent studies of the radiative U(1) ′ symmetry breaking can be found, e.g., in Ref. 2 .
Several problems may arise in the E 6 models from view of low-energy phenomenology. For example, the presence of the baryon number violating operators give rise to too fast proton decay, or the absence of the Majorana neutrino mass terms (except for the ν model) requires a fine-tuning of the Dirac neutrino mass in order to satisfy experimentally observed neutrino mass relations. Some approaches to these problems are summarized in Ref. 1 . In the following, we assume that these problems are solved by an unknown mechanism. Moreover we assume that all the super-partners of the SM particles and the exotic matters do not affect the radiative corrections to the electroweak observables significantly, i.e., they are assumed to be heavy enough to decouple from the weak boson mass scale.
Phenomenological consequences of Z-Z
′ mixing Table 1 . The hypercharge Y and the U(1) ′ charge Q E of all the matter fields in a 27 for the χ, ψ, η and ν models. The classification of the fields in the SO(10) and the SU(5) groups is also shown. The value of U(1) ′ charge follows the hypercharge normalization.
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If the SM Higgs field carries a non-trivial U(1) ′ charge, its VEV induces the Z-Z ′ mass mixing. On the other hand, the kinetic mixing between the hypercharge gauge boson B and the U(1) ′ gauge boson Z ′ can occur through the quantum effects below the GUT scale. After the electroweak symmetry is broken, the effective Lagrangian for the neutral gauge bosons in the SU(2)
′ theory is given by
where
represents the gauge field strength. The Z-Z ′ mass mixing and the kinetic mixing are characterized by m 2 ZZ ′ and sin χ, respectively. In this basis, the interaction Lagrangian for the neutral current process is given as
′ gauge coupling constant is denoted by g E in the hypercharge normalization. The symbol f α denotes the quarks or leptons with the chirality α (α = L or R). The third component of the weak isospin, the electric charge and the U(1)
′ charge of f α are given by I 3 fα , Q fα and Q fα E , respectively. The U (1) ′ charge of the quarks and leptons listed in Table 1 should be read as
The mass eigenstates (Z 1 , Z 2 , A) is obtained by the following transformation;
Here the mixing angle ξ is given by
with the short-hand notation, c χ = cos χ, s χ = sin χ and s W = sin θ W . The physical masses m Z1 and m Z2 (m Z1 < m Z2 ) are given as follows;
where c ξ = cos ξ, s ξ = sin ξ and t χ = tan χ. The lighter mass eigenstate Z 1 should be identified with the observed Z boson at LEP1 or SLC. The excellent agreement between the current experimental results and the SM predictions at the quantum level implies that the mixing angle ξ has to be small. In the limit of small ξ, the interaction Lagrangians for the processes Z 1,2 → f α f α are expressed as
where the effective mixing angleξ in Eq. (10a) is given as
In Eq. (10), the effective U(1) ′ chargeQ fα E is introduced as a combination of Q fα E and the hypercharge
where the hypercharge Y fα should be read from Table 1 in the same manner with Q fα E (see, Eq. (6)). As a notable example, one can see from Table 1 that the effective chargeQ fα E of the leptons (L and e c ) disappears in the η model if δ is taken to be 1/3
12 . Now, due to the Z-Z ′ mixing, the observed Z boson mass m Z1 at LEP1 or SLC is shifted from the SM Z boson mass m Z :
The presence of the mass shift affects the T -parameter 15 at tree level. Following the notation of Ref. 20 , the T -parameter is expressed in terms of the effective form factorsḡ 2 Z (0),ḡ 2 W (0) and the fine structure constant α:
where T SM and the new physics contribution T new are given by:
It is worth noting that the sign of T new is always positive. The effects of the Z-Z ′ mixing in the Z-pole experiments have hence been parametrized by the effective mixing angleξ and the positive parameter T new . We note here that we retain the kinetic mixing term δ as a part of the effective Z 1 couplingQ fα E in Eq. (12a). As shown in Refs. 12,13, 21, the kinetic mixing term δ can be absorbed into a further redefinition of S and T . Such re-parametrization may be useful if the term Y fα δ in Eq. (12a) is much larger than the Z ′ charge Q fα E . In the E 6 models studied in this paper, we find no merit in absorbing the Y f δ term because, the remaining Q fα E term is always significant. We therefore adoptQ fα E as the effective Z 1 couplings and T new accounts only for the mass shift (13) . All physical consequences such as the bounds onξ and m Z2 are of course independent of our choice of the parametrization.
The two parameters T new andξ are complicated functions of the parameters of the effective Lagrangian (4). In the small mixing limit, we find the following useful expressionsξ
where we introduced an effective mixing parameter ζ
The Z-Z ′ mixing effect disappears at ζ = 0. Stringent limits on m Z ′ and hence on m Z2 can be obtained through the mixing effect if ζ is O(1). We will show in Sec. 5 that ζ is calculable once the particle spectrum of the model is specified. The parameter ζ plays an essential role in the analysis of Z ′ models. In the low-energy neutral current processes, effects of the exchange of the heavier mass eigenstate Z 2 can be detected. In the smallξ limit, they constrain the contact term g 
Electroweak observables in the Z
′ model
In this section, we briefly discuss the theoretical framework 3,4 to calculate the electroweak observables which are used in our analysis. The experimental data of the Z-pole experiments, the W -boson mass measurement and the low-energy experiments used in this paper are summarized in Table 2 .
The pseudo-observables of the Z-pole experiments are expressed in terms of the effective coupling g f α 22 , where f denotes all the SM fermions except for the topquark, and α being their chirality, L or R. Following our parametrization of the Z-Z ′ mixing (10a), the effective coupling g f α in the Z ′ models can be expressed as
The SM prediction for the effective coupling (g f α ) SM can be expanded in terms of the gauge boson propagator corrections ∆ḡ 2 Z and ∆s 2 :
where the numerical coefficients a, b and c are given in Refs. 3,4. Two parameters ∆ḡ 2 Z and ∆s 2 in Eq. (19) are defined as the shift in the effective couplingsḡ
20 from their SM reference values at m t = 175 GeV and m H = 100 GeV. They can be expressed in terms of the S and T parameters 15 as
where the expansion parameter x α is introduced to estimate the uncertainty of the hadronic contribution to the QED coupling 1/α(m 2 Z1 ) = 128.75 ± 0.09 31 :
Here, ∆S, ∆T, ∆U parameters are also measured from their SM reference values and they are given as the sum of the SM and the new physics contributions 24, 25, 26, 27, 28, 29, 30 , is summarized in Refs. 3,6. The pull factors are given at the best fit point of the SM and four Z ′ models at m H = 100 GeV and a constraint Tnew ≥ 0. The best fit values of parameters in both the SM and Z ′ models are shown in Table 3 . Correlation matrix elements of the Z line-shape parameters and those for the heavy-quark parameters are found in Ref. 
by using the same parameters, ∆S, ∆T, ∆U (22) and x α (21).
The observables in the LENC experiments which are used in our analysis are as follows -(i) polarization asymmetry of the charged lepton scattering off nucleus target, (ii) parity violation in cesium atom, (iii) inelastic ν µ -scattering off nucleus target and (iv) neutrino-electron scattering. Theoretical expressions for the observables of (i) and (ii) are conveniently given in terms of the model-independent parameters C 1q , C 2q 33 and C 3q 6 . The ν µ -scattering data (iii) and (iv) are expressed in terms of the parameters g νµf Lα .
In the Z ′ models, these model-independent parameters can be written as follows:
where the first term in each equation is the SM contribution which is parametrized conveniently by ∆S and ∆T 6 . The second terms ∆C iq and ∆g There are six free parameters in the Z ′ models -the tree level contribution to the T parameter T new , the Z-Z ′ mass mixing angleξ, the direct Z 2 -boson contribution to the low-energy processes g The best fit values of the six-parameters for m H = 100 GeV under the condition T new ≥ 0 are shown in Table 3 , together with the SM best fit result at m H = 100 GeV. Only the best fit value of g Table 2 . We learn from the table that almost no improvement of the fit over the SM is found for the Z-pole and m W measurements. However, the χ, η, ν models show the excellent fit to the weak charge of cesium atom Q W ( 133 55 Cs): the pull factor is reduced from 2.2 (SM) to less than 0.1. This may imply that more than 2-σ deviation of the APV data from the SM prediction could be explained by the direct exchange of the Z 2 boson in the lowenergy processes 10 . On the other hand, the ψ model does not show the reduction ′ charge (see Table 1 ), the couplings of contact interactions are parity conserving, which makes the contact term useless in the fit to the APV.
We introduce a parameter
to measure the goodness of the fit in the Z ′ models compared to the SM. We can see from Table 2 that the χ, η and ν models lead to ∆χ 2 = −5.5(χ), −4.6(η) and −5.4(ν), respectively while the ψ model shows no improvement of the fit, ∆χ 2 = −0.3.
In order to see the impact of kinetic mixing on the fit, we show the contour plot of ∆χ 2 from the electroweak data under the conditions Fig. 1 . We can see from the figure that the fit of the η model at δ = 0 is rather worsen (∆χ 2 ∼ −3) as compared to that given in Table 2  ( better. We find that the Z ′ model with (β E , δ) ≈ (−π/4, 0.2) shows the most excellent fit over the SM where ∆χ 2 ∼ < − 7.
Lower mass bound on Z ′ bosons
As we expected from the formulae for T new andξ in the small mixing limit (16), the Z 2 mass is unbounded from the Z-pole data at ζ = 0. For models with very small ζ, the lower bound of the heavier mass eigenstate Z 2 in the Z ′ models, therefore, comes from the LENC experiments. In Fig. 2 , we show the contour plot of the 95% CL lower mass limit of Z 2 boson from the LENC experiments on the (β E , δ) plane by setting g E = g Y and m H = 100 GeV under the condition m Z2 ≥ 0. In practice, we obtain the 95% CL lower limit of the Z 2 boson mass m 95 in the following way:
where we assume that the probability density function 
)/2). We can read off from Fig. 2 that the lower mass bound of the Z 2 boson in the ψ model at δ = 0 is much weaker than those of the other Z ′ models. This is because, as we mentioned before, the U (1) ′ charge assignment on the SM matter fields in the model makes the constraint from the APV measurement useless. We also find in Fig. 2 that the lower mass bound of the Z 2 boson disappears near the leptophobic η-model (β E = tan −1 ( 5/3) and δ = 1/3) 12 . Furthermore the lower mass bound tend to be small at the "best fit" point which we found in Fig. 1 ,
We summarize the 95% CL lower bound on m Z2 for the χ, ψ, η and ν models (δ = 0) in Table 4 Fig. 3(a) ∼ 3(d) for the χ, ψ, η, ν models, respectively. The lower bound from the Z-pole and m W data, and that from the LENC data are separately plotted in the same figure. Shown in the figure is the lower bound of
The Z 2 mass is unbounded from the Z-pole data at ζ = 0 because the data constrain T new andξ which are proportional to ζ 2 and ζ, respectively. Then, the lower bound on m Z2 at very small ζ is obtained from the LENC experiments and the direct search experiment at Tevatron. For comparison, we plot the 95% CL lower bound on m Z2 obtained from the direct search experiment 36 in Fig. 3 . In the direct search experiment, the Z ′ decays into the exotic particles, e.g., the decays into the light right-handed neutrinos which are expected for some models, are not taken into account. We summarize the 95% CL lower bound on m Z2 for the χ, ψ, η and ν models (δ = 0) obtained from the low-energy data and the direct search experiment 36 in Table 4 . The lower bound of m Z2 in the η model from the LENC experiments is competitive the bound from the direct search experiment.
The lower bound of m Z2 is affected by the Higgs boson mass through the T parameter. As we mentioned previously, T new tends to be in the physical region (T new ≥ 0) for large m H (x H ). Then, we find that the large Higgs boson mass decreases the lower bound of m Z2 . For ζ = 1, the lower m Z2 bound in the χ, ψ, ν (η) models for m H = 150 GeV is weaker than that for m H = 100 GeV about 7% (11%). On the other hand, the Higgs boson with m H = 80 GeV makes the lower m Z2 bound in all the Z ′ models severe about 5% as compared to the case for m H = 100 GeV. Because T new andξ are proportional to ζ 2 and ζ, respectively (see Eq. (16)), and it is unbounded at |ζ| ≃ 0, the lower bound of m Z2 may be independent of m H in the small |ζ| region. The m H -dependence of the lower mass bound obtained from the LENC data is safely negligible.
It has been discussed that the presence of Z 2 boson whose mass is much heavier than the SM Z boson mass, say 1 TeV, may lead to a find-tuning problem to stabilize the electroweak scale against the U(1) ′ scale 37 . The Z 2 boson with m Z2 ≤ 1 TeV for g E = g Y is allowed by the electroweak data only if ζ satisfies the following condition:
−0.5 ∼ < ζ ∼ < + 0. 4 for the χ, ψ, ν models, −0.6 ∼ < ζ ∼ < + 0.6 for the η model.
5. Light Z ′ boson in minimal SUSY E 6 -models Let us remind the reader that, in the χ model, three generations of the matter fields 16 and a pair of Higgs doublets make the model anomaly free. In this case, ζ is found to be independent of tan β:
We can now examine the kinetic mixing parameter δ in each model. The boundary condition of δ at the GUT scale is δ = 0. The non-zero kinetic mixing term can arise at low-energy scale through the following RGEs:
where i = 1, 2, 3 and t = ln µ. We define α 1 and α 4 as
The coefficients of the β-functions for α 1 , α 4 and δ are:
From Eq. (33c), we can clearly see that the non-zero δ is generated at the weak scale if b 1E = 0 holds. In Table 5 , we list b 1 , b E and b 1E in the minimal χ, ψ, η and ν models. As explained above, the χ(16) model has three generations of 16, and the χ(27) model has three generations of 27. We can see from Table 5 that Table 7 : Predictions for the effective Z-Z ′ mixing parameter ζ in the minimal χ, ψ, η and ν models for x 2 = 0 and 0.5, and tan β = 2 and 30. We summarize the predictions for g E and δ at µ = m Z1 in the minimal E 6 models in Table 6 . In all the minimal models, the ratio g E /g Y is approximately unity and |δ| is smaller than about 0.07. Some further extra fields, therefore, may be needed to give δ = 0.2 which leads to the "minimal ∆χ 2 " when β E = −π/4, which we found in Fig. 1 . We also show the result of the quasi leptophobic η model (η BKM ) proposed by Babu et al. 12 in the same table. The η BKM has, besides three generation of 27, two pairs of 2 + 2 from 78 and a pair of 3 + 3 from 27 + 27 in order to achieve the leptophobity (δ ∼ 1/3) at the weak scale through the quantum corrections. We find that the η BKM model predicts g E /g Y ∼ 0.86 and δ ∼ 0.29, which is rather close to the leptophobity, δ = 1/3.
Next we estimate the parameter ζ for several sets of tan β and x. In Table 7 , we show the predictions for ζ in the minimal χ, ψ, η and ν models. The results are shown for tan β = 2 and 30, and x 2 = 0 and 0.5. We find from the table that the parameter ζ is in the range |ζ| ∼ < 1.35. It is shown in Fig. 3 that m Z2 g Y /g E is approximately independent of g E /g Y . Actually, we find in Table 6 and Table 7 that the predicted |δ| is smaller than about 0.1 and g E /g Y is quite close to unity in all the minimal models. We can, therefore, read off from Fig. 3 the lower bound of m Z2 in the minimal models at g E = g Y . In Table 8 , we summarize the 95% CL lower m Z2 bound for the minimal χ, ψ, η and ν models which correspond to the predicted ζ in Table 7 . Most of the lower mass bounds in Table 8 
All the lower bounds of m Z2 listed in Table 8 are smaller than 2 TeV and they are, therefore, in the detectable range of LHC. But, it should be noticed that most of them (1 TeV ∼ < m Z2 ) may require the fine-tuning to stabilize the electroweak scale against the U(1) ′ scale 37 .
Summary
In this review article, we have studied constraints on Z ′ bosons in the SUSY E 6 models. Four Z ′ models -the χ, ψ, η and ν models are studied in detail. The presence of the Z ′ boson affects the electroweak processes through the effective Z-Z ′ mass mixing angleξ, a tree level contribution T new and the contact term g , respectively. From the updated electroweak data, we find that three Z ′ models (χ, η, ν) improve the fit over the SM where the total χ 2 decrease about five units, owing to the excellent fit mainly to the improved data of parity violation in cesium atom which is expressed by the weak charge Q W ( 133 55 Cs). The more than 2-σ deviation of Q W ( 133 55 Cs) from the SM prediction could be explained in these three Z ′ models. Due to its parity conserving property of the U(1)
′ charge assignment on the SM matter fields, the ψ model does not improve the fit to the Q W ( 133 55 Cs) data. The impact of the kinetic mixing (δ = 0) on the fit is also examined on the (β E , δ) plane. The Z ′ model with (β E , δ) = (−π/4, 0.2) shows the most excellent fit to the data among the SUSY E 6 models where the total χ 2 decreases by about seven units as compared to the SM best fit. The 95% CL lower mass bound of the heavier mass eigenstate Z 2 is shown as a function of the effective Z-Z ′ mixing parameter ζ together with the result of direct search experiment. By assuming the minimal particle content of the E 6 model, we have found the theoretical predictions for ζ. It is shown that the E 6 models with minimal particle content which is consistent with the gauge coupling unification predict the non-zero kinetic mixing term δ and the effective mixing parameter ζ of order one. The present electroweak experiments lead to the lower mass bound of order 1 TeV or larger for those models.
